Background: Angiopoietin-like protein 8 (ANGPTL8) is a novel hormone involved in the regulation of lipid metabolism and glucose homeostasis. There are inconsistent results regarding the association between ANGPTL8 and lipids in humans. We aimed to investigate the associations between ANGPTL8 and lipids in people without diabetes.
Background
Dyslipidemia includes a broad spectrum of lipid abnormalities [1] and is an independent risk factor for atherosclerotic cardiovascular disease (CVD) [2] [3] [4] .The prevalence of dyslipidemia is 40.4% among adults in China [5] . Evidence based on results from multiple randomized controlled trials that revealed that CVD could be prevented by reducing and low-density lipoprotein cholesterol (LDL-C) is strong and compelling [1] . However, recent guidelines suggest that non-high-density lipoprotein cholesterol (HDL-C) is a stronger independent risk factor for CVD and should be considered as a risk marker and a secondary treatment target for CVD [4, 5] . Besides, patients with dyslipidemia are also at high risk of insulin resistance [6] , fatty liver [7] and other diseases. Serum lipid profiles are affected by various factors, such as postprandial state and age. Recently, angiopoietin-like protein 8 (ANGPTL8) was identified as a novel hormone that plays a significant role in lipid metabolism [8] [9] [10] .
ANGPTL8, also known as betatrophin [11] , TD26 [12] , re-feeding induced fat and liver [13] , lipasin [14] and PRO1185 [15] , is an atypical member of the ANGPTL family [9] . It is expressed in both adipose tissue and liver in mice but only in liver in humans [8] . ANGPTL8 is reported to be a secreted protein involved in the regulation of lipid [15] [16] [17] and glucose metabolism [18, 19] .
Based on meta-analyses of a non-obese population, circulating ANGPTL8 concentrations in patients with type 2 diabetes mellitus are elevated compared with non-diabetic adults [20] . Overexpression of ANGPTL8 in mouse livers did not alter beta cell expansion or glucose metabolism but increased serum lipid levels [21, 22] . However, there are inconsistent results regarding the relationship between ANGPTL8 and serum lipids in human studies. Studies have reported that ANGPTL8 concentrations are significantly and positively associated with triglycerides (TG) and LDL-C levels but inversely associated with HDL-C levels in patients with diabetes [23, 24] . In contrast, it has been reported that ANGPTL8 concentrations were not associated with lipid profiles [25] , while Javier Gómez-Ambrosi et al. reported that circulating ANGPTL8 concentrations were significantly lower in people with dyslipidemia characterized by low HDL-C or high TG levels [26] . The discrepancy in the findings may be partly because of hyperglycemia, which is associated with circulating ANGPTL8 concentrations [11, [27] [28] [29] .
In the current study, we investigated circulating full-length ANGPTL8 concentrations in patients with dyslipidemia and the association between full-length ANGPTL8 concentrations and serum lipids in Chinese people without diabetes.
Methods

Participants
The study was designed as cross-sectional study and was conducted between March 2016 and April 2017 at the Arteriosclerosis Clinic at Beijing An Zhen Hospital. A total of 1601 consecutive patients were eligible for the study. Patients with diabetes, abnormal glucose tolerance, secondary hyperlipidemia, pregnancy, cancer, acute infectious diseases, hepatic dysfunction, or abnormal renal function were excluded. Patients taking lipid-lowering drugs were also excluded. A final population of 248 participants was enrolled in the study. According to diagnostic standards, participants were divided into two groups: dyslipidemia (n = 107) and non-dyslipidemia (n = 141). The dyslipidemia diagnosis was based on Chinese guidelines on prevention and treatment of dyslipidemia in adults [5] . At least one of the following was present in patients with dyslipidemia: high TG, high TC, high LDL-C, high non-HDL-C, and low HDL-C levels. In contrast, the non-dyslipidemia group displayed normal lipid levels. High serum TG level was defined as serum TG ≥1.7 mmol/L. High serum TC level was defined as serum TC ≥5.2 mmol/L. High serum LDL-C level was defined as serum LDL-C ≥ 3.4 mmol/L. High serum non-HDL-C level was defined as serum non-HDL-C ≥ 4.1 mmol/L. Low serum HDL-C level was defined as serum HDL-C < 1.0 mmol/L [5] . Finally, 107 patients with dyslipidemia were included in the study, this comprised 16 patients with hypertriglyceridemia, four with hypercholesterolemia, 24 with low serum HDL-C only, and 63 with combined hyperlipidemia. Diagnoses of diabetes and abnormal glucose tolerance were based on the criteria of the American Diabetes Association [30] . According to the recommendations of the Health Promotion Administration, overweight was defined as BMI ≥24 kg/m 2 , and normal weight as a 24 > BMI ≥ 18.5 kg/m 2 [31] . All participants provided written informed consent before enrollment. The study was approved by the Medicine Ethics Committee of Beijing An Zhen Hospital (#2017010X) and was conducted in accordance with the principles contained within the Declaration of Helsinki.
Anthropometric measurements
Anthropometric determinations and blood extractions were performed on a single day. Height and weight were measured with participants wearing light indoor clothing and being barefoot using calibrated portable electronic weighing scales and portable inflexible height measuring bars. Blood pressure was measured after a 5-min rest in the sitting position. Electronic sphygmomanometer was used to measure the blood pressure. Blood pressure was determined at least three times using the right upper arm, and the mean value was used in the analyses. BMI was calculated using the standard BMI formula: body mass (in kilograms) divided by square of height (in meters).
Blood sample preparation
All blood samples were collected after participants had fasted overnight. Clinical variables included TG, TC, LDL-C, HDL-C, fasting blood glucose, Hs-CRP, alanine aminotransferase, aspartate aminotransferase, γ-glutamyltransferase, uric acid, and creatinine. Serum TG, TC, LDL-C, and HDL-C levels and other routine serum biochemical parameters were measured using a biochemical analyzer (Hitachi-7600; Hitachi, Tokyo, Japan). Serum non-HDL-C was calculated by subtracting HDL-C from TC according to the 2016 ESC/EAS Guidelines for the Management of Dyslipidemias [4] . All measurements were obtained using blinded quality control specimens at the Department of the Biochemical Laboratory at Beijing An Zhen Hospital. Blood samples were centrifuged for 10 min at 3000 rpm and 4°C. Plasma samples were subsequently stored in a freezer at − 80°C. Circulating full-length ANGPTL8 concentrations were measured using an enzyme-linked immunosorbent assay (ELISA) kit (cat.No.11644 h; Wuhan ELAAB Science, Wuhan, China) according to the manufacturer's instructions, with the intra-and inter-assay coefficients of variation less than 5 and 10%, respectively. The detection limit for the ELISA assay was 78-5000 pg/mL.
Statistical analysis
Continuous variables are expressed as mean ± standard deviations or median (interquartile range) and categorical variables as numeral (percentage). Independent Student's t-tests for normal distribution and Wilcoxon rank sum tests for asymmetric distribution were used to analyze the differences in continuous variables. Chi-squared tests and Fisher's exact tests were used to analyze categorical variables. The associations between ANGPTL8 and serum lipids were determined using multivariate linear regression analyses. Log transformation was used for variables that were asymmetrically distributed. A P-value < 0.05 was considered statistically Results are expressed as mean ± standard deviation, median (interquartile range) or n (%). Differences between groups were analyzed by independent Student ttest, Fisher's exact test, χ 2 text, or Wilcoxon test. Abbreviations: BMI body mass index, SBP systolic blood pressure, DBP diastolic blood pressure, FPG fasting plasma glucose, TG triglycerides, TC total cholesterol, LDL-C low-density lipoprotein cholesterol, HDL-C high-density lipoprotein cholesterol, UA uric acid, CR creatinine, AST aspartate aminotransferase, ALT alanine aminotransferase, γ-GT γ-glutamyltransferase, Hs-CRP high-sensitivity C-reactive protein, ANGPTL8 angiopoietin-like protein 8 *P < 0.05, **P < 0.001 significant. Statistical analyses were performed using SPSS 20.0 (IBM Corp, Armonk, NY).
Results
Baseline clinical characteristics of the study population
This study included 107 patients with dyslipidemia and 141 participants without. The clinical characteristics of the study population were shown in Table 1 . There were no differences in age (P = 0.983), gender (P = 0.510), or fasting blood glucose levels (P = 0.744) between the two groups. Compared with the non-dyslipidemia group, the dyslipidemia group had significantly higher BMI (25.47 ± 2.95 vs. 24.52 ± 3.05 kg/m 2 , P = 0.014), but there were no differences in the numbers of overweight people (P = 0.596) or postmenopausal women (P = 0.551) between the two groups. Patients with dyslipidemia also had higher high-sensitivity C-reactive protein (Hs-CRP) levels (P < 0.001). Remarkably, circulating full-length ANGPTL8 concentrations were significantly elevated in the dyslipidemia group compared with the non-dyslipidemia group (506. 18 
Linear regression analyses of relationships between ANGPTL8 and serum lipids
Associations between log-transformed circulating full-length ANGPTL8 and serum lipids were examined using multivariate linear regression analyses. As shown in Table 2 
Discussion
In this study, we found that circulating full-length ANGPTL8 concentrations in patients with dyslipidemia were significantly elevated compared with those without dyslipidemia. Circulating full-length ANGPTL8 concentrations were positively associated with serum non-HDL-C, TG, and TC levels but negatively associated with HDL-C levels after adjusting for confounding factors.
ANGPTL8 plays an important role in lipid metabolism [13, 32] . Compared with wild-type littermates, Angptl8-knockout mice displayed slower weight gain and decreased plasma TG levels but increased Table 2 Multivariate linear regression analysis of log-transformed ANGPTL8 and clinical variables lipoprotein lipase (LPL) activity [9] . Adenoviral ANGPTL8 overexpression in mice increased serum TG levels, while recombinant ANGPTL8 inhibited LPL activity [8] . This could be the mechanism by which ANGPTL8 is linked to the regulation of serum lipids. LPL hydrolyzes TG from chylomicrons and very LDL to form free fatty acids, which are taken up by peripheral tissues, including fat, muscle, and heart [33] . ANGPTL8 is a new but atypical member of the ANGPTL family, because it lacks the C-terminal fibrinogen-like domain but shares a common coiled-coil domain at the N-terminus with ANGPTL3 and ANGPTL4 [33] . The N-terminal coiled-coil domain is involved in lipid regulation [34] by directly inhibiting LPL activity [35] . ANGPTL8 may activate another ANGPTL family member, ANGPTL3. It was reported that ANGPTL8 coimmunoprecipitated with the N-terminal domain of ANGPTL3 in mouse plasma and increased the appearance of N-terminal ANGPTL3 in cultured hepatocytes [35] . ANGPTL3 activation results in very low LDL-C, HDL-C, and TG levels. It is reported that ANGPTL3 deficiency reduces the risk of coronary heart disease in humans [36] . A human monoclonal antibody against ANGPTL3, named evinacumab, which was derived using Regeneron's Velocimmune® technology platform and is a fully human monoclonal antibody with high affinity to ANGPTL3 from mouse, rat, monkey, and humans [37] . It is reported that evinacumab caused a dose-dependent placebo-adjusted reduction in fasting TG levels of up to 76% and LDL-C levels of up to 23% in humans, and resulted in a greater decrease in atherosclerotic lesion area and necrotic content compared with a control antibody in mouse model of dyslipidemia [37] . The impact of ANGPTLs on plasma lipid levels has resulted in increased scrutiny of ANGPTLs as therapeutic targets for dyslipidemia and atherosclerotic cardiovascular disease [17] .
In the current study, we found that circulating full-length ANGPTL8 concentrations positively correlated with serum non-HDL-C levels. Non-HDL-C, which represents the total cholesterol content of apolipoprotein B containing lipoproteins [38] , includes the TG-rich lipoproteins (very LDL, intermediate-density lipoproteins, and remnants) [39] . Non-HDL-C is strong predictive factor that directly reflects the total number of atherogenic lipoprotein particles [40] . Non-HDL-C is calculated by subtracting HDL-C from TC and can be obtained in the non-fasting state without affecting results [38] . Recent guidelines suggested that non-HDL-C is a stronger independent risk factor for CVD and should be considered as a risk marker and a secondary treatment target for CVD [4] . Some researchers have even proposed that non-HDL-C is a better predictor of coronary atherosclerosis severity than LDL-C [41, 42] .
We found that there was no association between circulating full-length ANGPTL8 levels and serum LDL-C. To the best of our knowledge, ANGPTL8 play an important role in TG metabolism by inhibiting LPL activity instead of cholesterol metabolism [16, 35] . It is reported that ANGPTL8 gene mutation results in HDL-C levels were increased by 10 mg/dl, and TG levels were decreased by 15% but LDL-C levels were not changed [43] .
We also found that patients with dyslipidemia in the current study exhibited a dramatic increase in circulating full-length ANGPTL8 concentrations, circulating full-length ANGPTL8 concentrations were positively associated with serum TG and TC levels and negatively associated with HDL-C levels. We also found that circulating ANGPTL8 concentrations positively correlated with age (Additional file 1: Table S1 ). Epidemiological evidence indicates that blood lipid levels increase with increased age [44] , which could be the reason for the elevation in ANGPTL8 concentrations.
We found no association between circulating ANGPTL8 concentrations and BMI in the current study (Additional file 1: Table S1 ), consistent with the results of Roth et al. [45] . However, to the best of the authors' knowledge, results regarding the association between ANGPTL8 concentrations and BMI are inconsistent. Some researchers have indicated that ANGPTL8 concentrations tended to negatively correlate with BMI [29] while others observed that plasma ANGPTL8 concentrations positively correlated with BMI [29] . It is possible that the inconsistency may be associated with the origins of obesity. It is reported that circulating ANGPTL8 concentrations are different in people with obesity depending on the origins of obesity [46] which may be linked to body composition, basal metabolic rate, or metabolic outcomes [47] . To avoid a confounding effect, we adjusted for age and BMI in this study. Circulating ANGPTL8 concentrations are elevated in patients with non-alcoholic fatty liver disease [48] and liver steatosis [46] . It is also reported that there is a positive association between circulating ANGPTL8 and serum Hs-CRP [11] . Renal function is independently associated with circulating ANGPTL8 and circulating ANGPTL8 concentrations positively correlate with serum creatinine [49] . To avoid a confounding effect, we also adjusted for alanine aminotransferase, Hs-CRP, and creatinine in this study.
It is reported that ANGPTL8 requires ANGPTL3 for its effects on LPL [50] , therefore, we also measured the circulating ANGPTL3 concentration. There was no difference in circulating ANGPTL3 concentrations between the dyslipidemia and no-dyslipidemia groups (P = 0.097) (Additional file 2: Figure S1 ), consistent with the study by Guo et al. [51] , nor was there any association between circulating ANGPTL3 and ANGPTL8 concentrations (P = 0.160 and P = 0.100, respectively) (Additional file 1: Table S1 ). Co-expression of ANGPTL3 and ANGPTL8 in mice resulted in a reduction in circulating ANGPTL3 and an increase in plasma TG levels, whereas plasma TG levels did not change with expression of ANGPTL8 alone [35] . Inhibition of ANGPTL8 in mice using a monoclonal antibody decreased plasma TG levels and increased LPL activity [50] . It is therefore suggested that ANGPTL8 plays a role in serum lipid metabolism either directly or indirectly (by promoting the cleavage of serum ANGPTL3).
The enzyme-linked immunosorbent assay (ELISA) kits used in the current study recognize the N-terminus of ANGPTL8, and ANGPTL8 is likely cleaved in vivo to release C-terminal fragments. The N-terminal kit measures the full-length protein while the C-terminal kit measures total ANGPTL8 species, including both the full-length protein and C-terminal fragments [29] . ANGPTL8 concentrations determined using the N-terminal kit were lower than that determined using the C-terminal kit, resulting in low values (in pg/mL) for ANGPTL8 being obtained in the current study.
This study had some limitations. First, it was a cross-sectional study, which means it can only demonstrate associations, not causality. Second, the study had a small sample size and larger samples are needed to confirm the results. Third, ANGPTL8 may be associated with inflammation [52] . Inflammatory cytokines, such as interleukin-6, were not measured. Whether inflammation played a role in the altered plasma ANGPTL8 concentrations could not be determined. Finally, as all study participants were Chinese, the findings may not be generalizable to other ethnicities. The findings should be confirmed in other populations.
Conclusion
In conclusion, we found that non-diabetic people with dyslipidemia had significantly increased full-length ANGPTL8 concentrations compared with those without dyslipidemia. Circulating full-length ANGPTL8 concentrations were positive associated with serum non-HDL-C levels.
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